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ABSTRACT 

Context. Many studies on the s-process and, more specifically, on the s-process weak component have been performed so far, but a 
detailed scrutiny of the impact of the stellar evolution modeling uncertainties on the efficiency of this nucleosynthesis process is still 
missing. 

Aims. We analyze the role of convective overshooting on the production of s-nuclei in massive stars during their core He-burning 
phase. 

Methods. With the "post-processing" technique we explore the role of the convective overshooting on the production of s-nuclei in 
stellar models of different initial mass and metallicity (15 < M ZAMS /M B < 25; 10~ 4 < Z < 0.02), considering a range of values for the 
parameter /, which determines the overall efficiency of convective overshooting. 

Results. We find enhancements in the production of s-nuclei until a factor ~ 6 (measured as the average overproduction factor of 
the 6 s-only nuclear species with 60 < A < 90) in all our models of different initial mass and metallicity with / in the range 
0.01-0.035 (i.e. models with overshooting) compared to the production obtained with "no-overshooting" models (i.e. models with the 
same initial mass and metallicity, but / = 10~ 5 ). Moreover the results indicate that the link between the overshooting parameter / and 
the s-process efficiency is essentially monotonic in all our models of different initial mass and metallicity. Also evident is the higher 
s-process efficiency when we progressively increase for a given f value both the mass of the models from 15 M Q to 25 M Q and the 
Z value from 10~ 4 to 0.02. We also briefly discuss the possible consequences of these results for some open questions linked to the 
s-process weak component efficiency, as well as a "rule of thumb" to evaluate the impact of the convective overshooting on the yields 
of a generation of stars. 
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1. Introduction 

As first pointed out by Burbidge et al.l dl957l) . it is now widely 
accepted that about half of the elements between Fe and Bi are 
formed via the so-called s-process, through neutron capture re- 
actions and beta decays along the "valley of stability". It is also 
known that more than one s-process "component" (i.e. an event 
with a single set of physical conditions like neutron exposure, 
initial abundances and neutron density) is required in order to 
explain the observed solar distribution of s-nuclei abundances. 

Current views on the subject suggest the existence of two 
components (so-called main and weak component of s-process, 
respectively) that, in terms of stellar environments, correspond to 
two distinct categori es of stars in different evolutionary phases 
(e.g. lKappelerlll999l) . In particular, the main component is as- 
sociated with low-mass stars (Mzams ~ 1-5 - 3M ) during 
their asymptotic giant branch (AGB) phase, and the main neu- 
tron source is the I3 C(a,n) I6 reaction; while the other one 
occurs in massive stars (Mzams ^ 13M Q ) primarily during 
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their core He-burning phase, and the main neutron source is the 
22 Ne(o-,n) 25 Mg reaction. 

In addition to these two components, other kinds of stars, 
such as massive AGB (Mzams ~ 4 — 7M ) and super-AGB 
stars ending their life as NeO whi te dwarfs (Mzams ~ 7.5 - 
IOMq; for details se e e.g. Fig. 1 inlPumo et al. 2009b, but also 
Pum o & Siessl2007l or lPumol2007l and references therein), could 
also contribute to the nucleosynthesis o f s-species, but thi s hy- 
pothesis still needs further investigation dPumo et"al . 2009a, and 
references therein). Moreover, in some studies dGallino et all 
1 19981; I Busso. Gallino & Wasserburd fl999l; iLugaro et alj T2003; 
iGorielv & Siessll2004l) the existence of a "strong" component is 
also suggested, which occurrs in low-metallicity stars of low- 
intermediate mass during the AGB phase, which is supposed to 
be responsible for the synthesis of "massive " (around 208 Pb) s- 
species. Furthermore, Trava glio et al.l d2004l) propose the exis- 
tence of an additional component referred to as lighter element 
primary s-process (LEPP), bu t its nature is still unclear and under 
debate (e.g. I Tur. Heger & Austin! l2009t iPignatari et all 1201 fj 
and references therein). 

Concerning the weak component, there is a wide con- 
sensus about the main characteristics of this nucleosynthe- 
sis process and, in particular, about its sensitivity to stel- 
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lar mass and metallicity (e.g. iKappelerl 1 19991) . As for the 
dep endence on the stellar mass, quantitative studies (see 
e.g. Prantzos, Hashimoto & Nomoto 1990; Kappeler et al. 1994; 
iRavet & H ashimoto! l2000tlThe et al.ll2000l l2007l) show that the 
s-process weak component efficiency decreases with decreasing 
initial stellar mass, and that the shape of the distribution of the 
overproduction factors as a function of the mass number essen- 
tially does not depend on the initial stellar mass value. This be- 
havior is connected to the fact that the reaction 22 Ne (a , n) 25 Mg 
becomes efficient only for T > 2, 5 x 10 8 K, so the produc- 
tion of s-nuclei is more and more efficient when the initial stellar 
mass is increased, because more massive models burn helium at 
a "time averaged" higher temperature; however the ratio of the 
overproduction factor F, of a given s-only nucleus i to the aver- 
age overproduction factor Fo (see Section|4]for details on F, and 
Fo) remains fairly constant irrespective of the stellar mass, so the 
shape of the distribution of the overproduction factors does not 
change when the initial stellar mass is increased. As for the ef- 
fect of metallicity, the s-process weak componen t efficiency de- 
pends on the so-called source/see d ratioE] (see e.g. lPrantzos et alj 
1990: iRavet & Hash imoto 2000). If the source/seed ratio is con- 
stant with the metallicity Z, the efficiency is expected to increase 
when increasing the Z value, because the effect of the 16 pri- 
mary poison becomes less important when the abundances of the 
source nuclei increase with Z. For a non-constant source/seed ra- 
tio that increases when decreasing Z, the efficiency (measured in 
terms of the number of neutrons captured per initial 56 Fe seed 
nucleus n c ; see also Section|4| has a non-linear behavior with Z, 
which reflects the interplay between two opposite factors: from 
one hand, the aforementioned role of the 16 primary poison, 
which tends to decrease n c with decreasing Z, because its abun- 
dance remains the same independently of Z, so its relative im- 
portance increases as Z decreases; on the other hand the effect of 
the increased source/seed ratio, which tends to increase n c with 
decreasing Z, because the number of available neutrons per nu- 
cleus seed increases as Z decreases. 

Although the general features of the s-process weak com- 
ponent seem to be well established therefore, there are still 
some open questions linked to the nuclear physics, the stel- 
lar evolution modeling, and the possible contribution to the 
s-nucleosynthesi s from post-He-burning stellar evolutionary 
phase s (see e.g. I Wooslev. Heger & Weaver! l2002t iPumo et al] 
2006, hereafter Paper L lCosta et al.ll2006l hereafter Pap er II). 
Many wo rks (see e. g. iMevnet & Arnouldl 1 1 993t 
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2007, 2009; Pignatari et al. 2010; Bennett et al. 2010) have been 



devoted to analyze the uncertainties due to nuclear physics, 
linked both with the reaction rates of reactions affecting the 
stellar structure evolution (as, for example, the triple-alpha, the 
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C(a,y) O and the C + C reactions) and with reaction 
rates on which the so-called "neutron economy" (i.e. the balance 
between neutron emission and captures) is based. The contribu- 
tion to the synthesis of s-nuclei during the post-core-He-burning 



1 Considering that the 22 Ne is the main neutron provider during the 
core He-burning phase and neglecting all the heavier 56 Fe nuclei, one 
obtains: 

source/seed ^ 22 Ne/ 56 Fe. 

This last quantity approximately corresponds to the l4 N/ 56 Fe ratio at the 
end of the core H-burning ph ase which, in turn, is roughly equal to the 
Q/ 56 F e ratio at the ZAMS ( see lPrantzos et al J 1990l : lRavet & Hashimoto! 
120001 for details). 
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evolu tionary phases was also exp l ored b y many autho r s (see 
e.g. I Arcoragi. Lan ger & Arnoul dl 1 1 99 lb iRaiteri et all 1 1993: 
I The et al.1 120001 120071: jHoffman et al.l l2001t iRauscher et alj 
booaiLimongi & Chieffil2003tlTur et al.ll2007Ll2009h . including 
in some cases the explosive burning. 

As for the impact of uncertainties owing to stellar evolution 
modeling, the determination of the size of the convective core 
and, more in general, of the mixing regions represents one of 
the major prob lems in calculating stellar str ucture and its evolu- 
tion (see e.g. lZahnll99ll : lYbung et all20 03). which may directly 
affect the efficiency of the s-process nucleosynthesis by influ- 
encing the ch e mical and local temperature stratification (see e. 
ICanutdll997t iMolawi & Forestinilll994t iDeng & Xion"g|l200: 
by determining the amount of stellar material wh ich experiences 
neutron irradiation (see e.g. Lan ger et al.l lT989). and by givin g 
rise to a variation of the s-process lifetime (see e.g. lPaperTH) . 
The convective core's extension of a star with a given initial 
mass and metallicity is determined in turn by a series of physical 
parameters such as the choice of the convective instability cri- 
terion (Schwarzschild's or Ledoux's criteria), the extra mixing 
processe s induced by axial rotation and convecti ve overshooting 
(see e.g. lChiosi et al.lll992tlWooslev et al.ll2002l) . 

A series of studies have been devoted to analyze the effects of 
thes e physical parameters on t he evolution of massive stars (see 
e.g. IMevnet & Maederlll997[ 120001: 1 Heger. Langer & Woosle 
2000 ; IWooslev et al.l 120021; I Hirschi. Mevnet & Maederl |20Q. 
bimongi & Chieffil 120061; lEl Eid. The & Meveri 120091) and to 
examine the correspo nding impac t on t h e s-process weak 
component (see e.g . lLanger etail 119891; iPaper 1 iPaper lit 
Pign atari et al.ll2008l) . As far as the convective overshooting is 
concerned, one finds that this extra mixing process leads to an 
increase of the convective core mass and to a variation of the 
chemical and temperature stratification that in turn tend to en- 
hance the s-process weak component efficiency by giving rise to 
an increase of the amount of material that experiences neutron 
irradiatio n and to a variation of the s-process lifetime (see e.g. 
Paperjj for more details); however, a detailed scrutiny of the 
role of convective overshooting on the production of s-nuclei in 
massive stars is still missing. 

In the lig ht of our preparatory studies on this topic ({Paper I 
and IPaper III) , which show a not negligible impact of the con- 
vective overshooting on the s-process during core He-burning 
in a 25 M Q star (ZAMS mass) with an initial metallicity of 
Z = 0.02, we believe it is worthwhile examining this issue fur- 
ther by analyzing the s-process efficiency in stellar models of 
different initial mass and metallicity (15 < Mzams /M q < 25; 
10~ 4 < Z < 0.02). 

We are aware that a full understanding of how the convec- 
tive overshooting affects the s-nucleosynthesis process efficiency 
requires studies on the stellar evolution (possibly including ex- 
plosive burning), fully describing the correlated nucleosynthesis 
processes. Nevertheless, we believe that the first step is an analy- 
sis of the impact of the convective overshooting on the s-process 



2 The s-process lifetime essentially represents the time duration 
where the physical conditions are suitable to synthesize s-nuclei and, 
more in g eneral, t o c hange the ir abundance. Following the definition 
adopted in Paper I and Paper II, the s-process lifetime can be evaluated 
according to the relation 

s - process lifetime = t fin _, pm - t M _ nm) , 

with tj„j_ spm defined as the time in which the temperature at the stellar 
center T c is logT c =8, and tf jn _ spm defined as the time where the exten- 
sion of the convective core is reduced to zero and logT c =8.6. 
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during core He-burning, which represents the primary evolution- 
ary phase where the physical conditions are suitable for the neu- 
tron capture nucleosynthesis in massive stars. 

To p erform this analysis, as we did already in Pap er J and 
Paper Jl we use a diffusive approach to model the convective 
overshooting. According to this approach (for detai ls see e.g. 
iFrevtag. Ludwig & Steffenlll996l:lHerwig et alJI 19971 and refer- 
ence therein), a free parameter — the so-called overhooting pa- 
rameter / — determines the efficiency of the extra mixing due 
to the convective overshooting, so that a higher value of / im- 
plies a bigger extension of the e xtra mixing outside the con- 
vectiv e region (see also Sect. 12.11 ). Salasnich, Bressa n & Chiosil 
(1999) give some indications on how to fix the parameter / in 
stellar models of massive stars and, in particular, claim a set- 
ting of this parameter to a value of ~ 0.015 in order to re- 
produce the observed distribution of massi ve stars across the 
HR diagram; howeve r, other works (see e.g. lYoung et alJ bOOl: 
iDeng & Xiongl 2008) indicate that massive starts could have a 
more extended overshooting region (compared to what is ob- 
tained using / = 0.015), that the / value may be mass dependent 
and, consequently, that a higher / value cannot be excluded for 
massive stars. Thus, since the proper / value is still widely de- 
bated, we prefer to consider a whole range of its possible values 
C/B= 0.01, 0.02 and 0.035 for models with overshooting, and 
/ = 10~ 5 for models without overshooting). 



2. Input physics 

2.1. The stellar evolution code 

The stellar data were calculated starting from ZAMS until the 
end of core He-burn ing with the same stella r evolution code 
descr i bed in iPaper J and iPaper III (see also IWeiss &~Sc hlattl 
2000; I Bonanno. Sch lattl & Patern6ll2002l for details), but with 
the 12 C (a , y) 16 reaction rate taken from NA CRE (Nuclear 
Astro physics Compilation of REaction rates, Angul o et alj 
1999). A complete description of the input physics used for cal- 
culating the stellar models can be found in lPaper lit however we 
recall the main features concerning the treatment of the mixing 
here. 

The mixing is treated as a diffusive process, and accordingly 
nuclear species abundance changes are calculated with the equa- 
tion 



diffusion coefficient D. In convective zones (established through 
the Schwarzschild criterion) D is given by 



dX _ldX\ d 

dt \ dt Inuc dm '- 



i , \2 8X 



(1) 



where the first term on the right is the time derivative of a given 
isotopic abundance (mass fraction) owing to nuclear reactions, 
while the second is the diffusive term that describes mixing. 

The difference among convective, overshooting, and radia- 
tive regions lies in the relation used to evaluate the value of the 



3 In some previou s studies about the s-process weak component (e.g. 
lArcoragi et alJ [T991). the approach used to model the convective over- 
shooting is based on an artificial enhancement of the convective core 
extension by a quantity ct m , x H p , where a ov is a free parameter and H p 
is the pressure scale height estimated at the upper radial edge of the con- 
vective core established through the Schwarzschild criterion. The extent 
of the overshooting region obtained with this instantaneous mixing ap- 
proach corresponds approximately to what is exp ected using a diffusive 
approach when set ting / = 0. 1 x a m (see e.g. Salasnich et alJI 19991 : 
lHerwigetalJll997h . 



D. 



<:>>nv ~ 2^ c ^' 



(2) 



where v c is the average velocity of convective elements derived 
according to the mixing length theory and / = a x H p is the 
mixing length (H p is the pressure scale height and a is mixing 
length parameter put to 1 .7 in our calculations). Beyond convec- 
tive zones (overshooting regions), the following relation is used 
instead: 



-2z 

Dover = D {) exp— with H v -f -H p , 



(3) 



where Do is the value of D com , at the upper radial edge of the 
convective core, z = \r - r e d ge \ is the radial distance from the 
same edge, and / is the so-called overshooting parameter, which 
determines the overall efficiency of convective overshooting. For 
z » 1 (radiative regions) the diffusion coefficient is ~ 0, and 
abundance changes are only due to the nuclear reaction term in 
Eq. ®. 

2.2. The nucleosynthesis code 

The s-nucleosynthesis code, the s-process network, and the cou- 
pling of nucleosynthesis simulations with st ellar evol ution data 
are the same as described in IPaper il and IPaper III in detail. 
However, concerning the s-process network, we recall that it 
includes 472 nuclides (up to 210 Po) linked by 834 reactions, 
and allows us to follow the nucleosynthesis of all the s-species 
up to 209 Bi. Moreover, as for the coupling of nucleosynthesis 
simulations with stellar evolution data, we recall that the "post- 
processing " technique is used according to the pr escriptions de- 
scribed by iPrantzos. Arnould & Arcoragil (Tl987) in addition to 
those reported in lKippenhahn & Weigerj d 1990b to take into ac- 
count the inclusion of not previously mixed material into the 
"mixing " zones (convective plus overshooting regions) when 
these latter expand. 

3. Models 

We performed 22 s-process simulations considering two grids 
of stellar models (see also Table [TJ with different initial (i.e. at 
ZAMS) masses (15 < M Z ams /Ms < 25), initial metallicitiefl 
(10~ 4 < Z < 0.02) and overshooting parameter values (/=10~ 5 , 
0.01, 0.02 and 0.035). 

The first grid, composed of models with a given initial metal- 
licity (see set (a), (b), and (c) of grid (1) in Table Q]), permits us 
to devote particular attention to the impact of convective over- 
shooting in stellar models of different initial mass. Since a de- 
tailed study on the impact of the convective overshooting on the 



4 The initial mass fractions of metals for the Z=0.02 models are taken 
to be equal to the values used in Papers I and II to make our results 
comparable to those reported in these papers. The initial mass fractions 
of metals for the models with Z< 0.02 are scaled from the values of the 
Z=0.02 models in a way that their relative abundances are the same as 
in the Z=0.02 models and, consequently, are given by the relation 



Xi(Z) = X t (Z = 0.02) x 



0.02' 



where X,(Z) is the initial mass fraction of ith metal for the models with 
Z< 0.02 and X,(Z = 0.02) is the initial mass fraction of the same ele- 
ment for the Z=0.02 models. 
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Table 1. Stellar models 



Grid Set 


Mzams [M B ] 


Z 


/ 


(1) (a) 


15 


0.02 


io- s 




15 


0.02 


0.01 




15 


0.02 


0.02 




15 


0.02 


0.035 


(b) 


20 


0.02 


10~ 5 




20 


0.02 


0.01 




20 


0.02 


0.02 




20 


0.02 


0.035 


(c) 


25 


0.02 


10~ 5 




25 


0.02 


0.01 


(2) (a) 


20 


10~ 4 






20 


10~ 4 


0.01 




20 


10~ 4 


0.02 




20 


io- 4 


0.035 


(b) 


20 


0.005 


io- 5 




20 


0.005 


0.01 




20 


0.005 


0.02 




20 


0.005 


0.035 


(c) 


20 


0.01 


io- 5 




20 


0.01 


0.01 




20 


0.01 


0.02 




20 


0.01 


0.035 



s-process of a Z=0 .02, M=25 M H stellar model was already per- 
formed in Paperl| and iPaper III here we repeated the s-process 
simulations for this stellar model considering only two value of 
/ (see set (c) of the grid (1) in Table [TJ), in order to study the ef- 
fect of the change of the 12 C (a , y) I6 reaction rate in the stellar 
evolution code. 

The second grid, which is composed of models with a given 
initial mass (see set (a), (b), and (c) of grid (2) in Table Q}, cou- 
pled with the set (b) of grid (1) in Table [T] gives us the opportu- 
nity to analyze the role of the core overshooting in stellar models 
of different initial metallicity. 

4. Parameters describing the s-process efficiency 
and results 

The s-process efficiency was analyzed in term s of the same 
s-process efficiency indicators used in IPaper II and IPaper III 
namely: 

- the average overproduction factor Fo for the 6 s-only nuclei 
70 Ge, 76 Se, 80 Kr, 82 Kr, 86 Sr and 87 Sr, given by 

F u = 7T )j F < Wlth F ' = N > = 6 

where F, is the overproduction factor, X, is the mass fraction 
(averaged over the convective He-burning core) of s-only nu- 
cleus i at the end of s-process, X,-,,-,,,- is the initial mass frac- 
tion of the same nucleus, and N s is the number of the s-only 
nuclei within the mass range 60 < A < 87; 

- the maximum mass number A max for which the species in 
the 60 < A < Amax mass range are overproduced by at least a 
factor of about 10 and 5 (first and second value respectively 
in the third column of Tables [2] and [3]); 

- the number of neutrons captured per initial 56 Fe seed nucleus 
n c ; 

- the maximum convection zone mass extension (hereafter 
MCZME) during the core He-burning s-process; 

- the duration of core He-burning s-process. 



1 00 I ' I ' ' | ' I I ' | ' ' I ' | I ' I ' | I ' I r 




65 70 75 80 85 90 

mass number 

Fig. 1. Overproduction factor for the six s-species 70 Ge, 76 Se, 
80 Kr, 82 Kr, 86 Sr, and 87 Sr, for Z=0.02, M=15M stellar models 
with overshooting parameter /=10 -5 , 0.01, 0.02, and 0.035 (see 
labels). 



400 pm i i i | i i i i | i i i i | i i i i | i i i r 




0L i i i I i i i i I i i i i I i i i i I i i i J 

65 70 75 80 85 90 

mass number 

Fig. 2. As in Fig. [TJ but for Z=0.02, M=20 M stellar models. 

The results for the first grid (i.e. grid (1) in TableQ]) are sum- 
marized in terms of the previous parameters in Table |2l and the 
overproduction factors of the s-only nuclei within the mass range 
60 < A < 87 as a function of nuclear mass number A are re- 
ported in Figures [TJto [3] Results concerning the second grid (i.e. 
grid (2) in Table[T} are shown in Tableland in Figures[4]to[6] 

Moreover, for the sake of completeness, the overproduction 
factors of all the s-only nuclei within the mass range 69 < A < 
209 for all our s-process simulations are reported in Tables IA.4I 
and lA.5l in a ddition to a comparison with previous computations 
bv lThe et al.l (|2007) for their stellar models with a similar mass, 
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Table 2. Parameters describing the s-process efficiency (see text) for the first grid of stellar models (grid (1) in Table[TJ. 





f 


^0 




A max 




n c 




MCZME 


Duration [sec] 












This work 


K94 


T07 






(a) 


1U 


o on 


O 1 


OO 

— OO 


i i o 


1 on 


1 1 o 

i.iy 


1 Qfl A/I 


z A A \j inli 
j. 44 X 1U 




0.01 


15.45 


88 


— 90 


1.80 






2.54M G 


5.42 x 10 




u.uz 


97 ^9 


Q Q 
OO 


on 


L. JU 








^ 1 fx v 1 n 13 




0.035 


55.96 


88 


-94 


3.35 






3.56M Q 


4.40 x 10 13 


(b) 


io-> 


43.85 


88 


-94 


3.03 


3.66 


2.34 


3.26M G 


3.77 x 10 13 




0.01 


49.31 


89 


-94 


3.19 






3.94M 


3.73 x 10 13 




0.02 


90.10 


91 


-96 


3.90 






4.4 1M 


3.65 x 10 13 




0.035 


172.56 


92- 


- 100 


4.74 






4.8 1M 


3.59 x 10 13 


(c) 


10 s 


92.92 


89 


-94 


3.96 


5.41 


3.52 


5.40M G 


2.32 x 10 13 




0.01 


164.72 


92- 


- 100 


4.68 






6.48M Q 


2.13 x 10 13 



Notes. Sets (a), (b), and (c) refer to the Z=0.02 stellar models with M ZAMS = 15 M Q , 20 M G , and 25 M G , respectively. The overshooting parameter 
value used in the stellar evolution co de is repor t ed in the first column for each set of stellar models with a fixed initial mass. The values of n c 
obtained by Kappeler et al.1 i 19941) and lThe et al.1 d2007t) for their Z=0.02 stellar models with a similar mass and input physics are also reported for 
comparison (see columns labeled as K94 and T07, respectively). The sign means datum not available. 

Table 3. As in Table[2] but for the second grid of stellar models (grid (2) in Table[TJ. 





/ 


Fo 




4 

**max 


n c 


MCZME 


Duration [sec] 


(a) 


10 s 


3.78 


86 


-87 


0.16 


3.52M Q 


3.58 x 10 1J 




0.01 


4.30 


86 


-87 


0.23 


4.54M Q 


3.57 x 10 13 




0.02 


4.27 


86 


-87 


0.23 


5.19M 


3.18 x 10 13 




0.035 


4.34 


86 


-87 


0.24 


5.58M Q 


3.08 x 10 13 


(b) 


10^ 


9.56 


87 


-88 


1.19 


3.96M G 


4.04 x 10 lj 




0.01 


10.47 


88 


-89 


1.31 


4.46M Q 


3.78 x 10 13 




0.02 


11.06 


88 


-89 


1.40 


4.93M Q 


3.21 x 10 13 




0.035 


11.14 


88 


-89 


1.40 


5.26M Q 


2.89 x 10 13 


(c) 


io-' 


48.05 


89 


-92 


3.08 


3.94M G 


4.09 x 10 13 




0.01 


72.14 


89 


-94 


3.65 


4.15M Q 


3.79 x 10 13 




0.02 


68.27 


91 


-94 


3.57 


4.80M o 


3.40 x 10 13 




0.035 


125.44 


92 


-98 


4.29 


5.23M Q 


3.14 x 10 13 



Notes. Sets (a), (b), and (c) refer to the M=20M G stellar models with Z=10 4 , 0.005, and 0.01, respectively. The overshooting parameter value 
used in the stellar evolution code is reported in the first column for each set of stellar models with a fixed initial metallicity. 



metallic ity and input physic. Other comparisons can be found in 
iPaperll 

5. Discussion 

For all the stellar models of different initial mass and metal- 
licity, the s-process efficiency increases when overshooting is 
inserted in the evolutionary comp utations co mpared w ith "no- 
overshooting" models, as found in lPaper il and lPaper III for sim- 
ulations referring to a 25 M Q star model with an initial metal- 
licity of Z=0.02. Indeed, for all our sets of models with a 
fixed initial mass and metallicity, a not negligible enhancement 
of the s-process efficiency occurs when passing from the "no- 
overshooting" model (/ = 1CT 5 ) of a set to any model of the 
same set including overshooting, with enhancements for the 
main s-process indicators Fo and n c until a factor ~ 6 and ~ 3, 
respectively. 

Moreover an essentially monotonic link between the / value 
and the s-process efficiency is evident when overshooting is in- 
serted in the evolutionary computations, as witnessed by the fact 
that both main s-process indicators F o and n c (and all the s- 
process efficiency indicators more in general) gradually grow 
when passing from / = 0.01 to 0.035 for any set of models with a 
fixed initial mass and metallicity. The only exceptions to this last 
behavior occur for the two models with / = 0.01 having Z=10~ 4 
and Z=0.01, which give birth to a more efficient s-process than 



the one obtained for the corresponding models with / = 0.02 
(see set (a) and (c) of Table [3] and Fig.s[4]and[6]). The reason 
of this not strictly monotonic increase of the s-process efficiency 
with the / value may be due to the particularly long duration of 
the core He-burning s-process for the two models with / = 0.01, 
which leads to the enhancement of the Fq and n c values and, con- 
sequently, of the s- process e fficiency because of a longer neutron 
exposure (see also iPaper III for details). Indeed, the duration of 
the core He-burning s-process for the model with / = 0.01 hav- 
ing Z=10~ 4 is almost equal to the one of the "no-overshooting" 
model with same initial metallicity (see set (a) of TableO, while 
the duration of the core He-burning s-process for model with 
/ = 0.01 having Z=0.01 is the longest with respect to all the 
other 20 M Q stellar models of different initial metallicity with 
overshooting (see Tableland set (b) of Tabled. 

Also evident is a clear trend with both initial mass and Z 
(excluding two exceptions discussed below) when setting the 
/ value, according to which the s-process efficiency increases 
when we progressively increase both the mass of the models 
from 15 M to 25 M (see Table |2]i and the Z value from 
10~ 4 to 0.02 (see Table [3] and set (b) of Table 13, confirming 
the results found in other works referring to evolutionary com- 
putations without ext ra mixing processes owing to convective 
overshooting (see e.g . lPrantzos et al1ll990t iRavet & H ashimoto 
l2000l:lThe et al.ll2000l 120071) . As already mentioned in SectionQ] 
the increase in s-process efficiency with the initial mass is con- 
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Fig. 3. As in Fig. Q] but for Z=0.02, M=25 M stellar models 
with overshooting parameter /=10~ 5 andO.Ol (see labels). Solid 
lines shown our results obtained with stellar models using the 
NACRE rat e for 12 C (a , y) 16 ; while dashed lines are data from 
iPaper J and lPaperTl using an older rate. 




75 80 
mass number 



Fig. 4. As in Fig.Q] but for Z=1(T 4 , M=2OM stellar models. 

nected to the fact that the reaction 22 Ne (a , n) 25 Mg and, con- 
sequently, the production of s-nuclei is more and more efficient 
when the initial stellar mass is increased; instead the enhance- 
ment of the s-process efficiency with Z is linked to the fact that 
the source/seed ratio is constant with Z in our models, so the 
efficiency increases when the Z value is increased. The only ex- 
ceptions to this last trend occurs for the two models with Z=0.01 
having /=1(T 5 and /=0.01 (set (b) of Table 0, which give rise 
to a more efficient s-process than the one obtained for the cor- 
responding models with Z=0.02 (set (c) of Table[3]l. Once again 




I 

65 



Fig. 5. As in Fig. Q] but for Z=0.005, M=20 M stellar models. 




o L_ 

65 



Fig. 6. As in Fig.Q] but for Z=0.01, M=20 M Q stellar models. 



the reason for this behavior may be connected to the same previ- 
ously explained effects that are related to the longer duration of 
the core He-burning s-process for the two models with Z=0.01 
(compared to the one of the corresponding models with Z=0.02), 
which leads to the enhancement of the s-process efficiency. 

In addition we find that the use of the NACRE rate for the 
I2 C (a , y) lfi O reaction gives rise to a lower s-process efficiency 
(see Figure [3}. This behavior seems to be connected both to the 
smaller lifetime of the He -bur ning pha se i n our new 25 M mod- 
els — compared to those from Pa per J and lPaper l3 — which has 
a direct impact on the neutron exposure of the s-process seed 
(mainly Fe), and to a higher availability of a particles during 
the late He-burning phase because less a particles are consumed 
by the 12 C (a , y) 16 reaction because of the lower rate, as sug- 
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gested bv lThe et al.l (l2000l) . Moreover, although this reaction has 
only a relatively small influence on the e fficiency of the s -process 
during the He-burning phase (see also iThe et al.ll2.Q07b . its im- 
pact seems to be more important and, consequently, not negligi- 
ble when the overshooting is inserted in stellar models. Indeed, 
the diminution (a factor of ~ 1 .5) in the average overproduction 
factor Fo for the model with overshooting is higher than that (a 
factor of ~ 1 . 1 , i.e. in practice unchanged) for the model without 
overshooting, and a similar behavior is found for all remaining 
s-process efficiency indicators. 

Furthermore, comparing Fig. Q] to Fig. [3] (see also Table [2]), 
it appears that the s-nuclei production in the Z = 0.02 models 
with / ~ 0.02-0.035 having a given initial mass M,„, seems to 
have a behavior similar to that of the Z = 0.02 models without 
convective overshoot and with an initial mass ~ M,„, + 5M©. 
This behavior could give some indication on how the convective 
overshooting affects the yield of a generation of stars. Indeed, the 
integrated yields of stellar models with convective overshooting 
would be, at a first approximation, simply calculated from to 
the integrated yield of stellar models without overshooting, but 
shifted appropriately in mass. For example, to give a clue about 
the impact on the integrated yield of stellar models with / ~ 
0.02-0.035, the number of 15M stars (evaluated according a 
given initial mass function) should be multiplied by the yields 
(evaluated from models without convective overshooting) of the 
20M o stars and a similar shift could be used for other masses. 

6. Summary and further comments 

Many studies have been devoted to the s-process weak com- 
ponent so far, but a detailed scrutiny of the impact of the stel- 
lar evolution modelling uncertainties on this component is still 
missing. In the ligh t of our preparatory studies on this topic 
dPaper II and lPaper ID) , we performed a comprehensive and quan- 
titative study on the role of convective overshooting, consid- 
ering stellar models with different initial mass and metallicity 
(15 < M ZAMS /M Q < 25; 10~ 4 < Z < 0.02). 

To perform this a nalysis, w e used the same procedure as de- 
scribed in Paperl and lPaper 11 According to this procedure, stel- 
lar models have been evolved until He exhaustion in the core, 
using a diffusive approach to describe the convective overshoot- 
ing where a so-called overshooting parameter / determines the 
extension of the convectively mixed core and, consequently, the 
overall efficiency of convective overshooting. Then models have 
been used to "post-process" the stellar nuclidic composition with 
our s-nucleosynthesis code. 

The results show that models with overshooting give a higher 
s-process efficiency compared with "no-overshooting" models 
for a given initial mass and metallicity. Less important but not 
negligible variations are clearly visible when changing the over- 
shooting parameter/ value in the 0.01 -0.035 range, and the link 
between the / value and the s-process indicators values is essen- 
tially monotonic in all our models of different initial mass and 
metallicity. Also evident is the higher s-process efficiency when 
for a given f value we progressively increase both the mass of 
the models from 15 M to 25 M and the Z value from 10~ 4 to 
0.02. 

These results clearly show the level of uncertainty (up to a 
factor ~ 6) in the modeling of the weak s-process component due 
to the current lack of a self-consistent theory describing mixing 
processes inside the stars. Thus, prior to giving a final conclusion 
on the possible contribution of post-He burning phases to the s- 
process yields from a quantitative point of view, some additional 
investigation taking into account stellar evolution uncertainties 



in addition to the nuclear physics ones should be performed. 
Moreover, this additional investigation may shed light on differ- 
ent open questions linked, for example, to the effective existence 
of the LEPP process and to the model for the p-process taking 
place in the type II supernovae O-Ne la yers, because the relevant 
s-nuclei are p-process seeds (see e.g. lArnould & Gorielvl f2003, 
and references therein). 
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Appendix A: Online material 



Table A.4. Overproduction factor of the 49 s-nuclei* within the mass range 69 < A < 209, for all the models with an initial metallicity Z=0.02. 
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1.86 (+0) 
2.46 (+0) 

2.49 (+0) 
2.42 (+0) 

2.46 (+0) 
4.90 (+0) 

4.40 (+0) 

2.51 (+0) 

4.57 (+0) 
3.17 (+0) 

3.41 (+0) 

3.85 (+0) 

3.52 (+0) 

3.00 (+0) 
3.20 (+0) 

2.86 (+0) 
4.15 (+0) 

4.01 (+0) 

3.47 (+0) 



1.07 (+2) 
7.22 (+1) 
7.47 (+1) 
1.74 (+2) 
7.34(+l) 
2.57 (+0) 
1.26 (+0) 
5.70(+l) 
4.73 (+1) 
1.41 (+1) 



7.97 (+1) 
9.12(+1) 
9.51 (+1) 
3.78 (+1) 
8.20(+l) 
1.57 (+2) 
6.94(+l) 

7.43 (-1) 
6.36(-l) 
8.47 (+1) 
6.92(+l) 
2.19(+1) 
1.66(+1) 
7.02 (+0) 

8.44 (+0) 

6.98 (+0) 
4.91 (+0) 
4.44 (+0) 

3.54 (+0) 
3.35 (+0) 

2.55 (+0) 
1.96 (+0) 
1.55 (+0) 
2.31 (+0) 
2.40 (+0) 
2.51 (+0) 
2.59 (+0) 
5.17 (+0) 

4.49 (+0) 

2.50 (+0) 
4.24 (+0) 
2.91 (+0) 
2.98 (+0) 
3.27 (+0) 
2.95 (+0) 

2.51 (+0) 
2.69 (+0) 
2.44 (+0) 
3.49 (+0) 
3.47 (+0) 
3.07 (+0) 



1.23 (+2) 
1.48 (+2) 
1.50 (+2) 
6.25 (+1) 
1.45 (+2) 
2.89 (+2) 
1.29 (+2) 
9.71 (-1) 

6.85 (-1) 
1.52 (+2) 
1.22 (+2) 
3.45 (+1) 
2.48 (+1) 
1.01 (+1) 
1.22(4-1) 
1.00(41) 
6.95 (+0) 
6.25 (+0) 

4.86 (+0) 

4.50 (+0) 
3.32 (+0) 
2.42 (+0) 
1.83 (+0) 

2.44 (+0) 
2.47 (+0) 
2.42 (+0) 

2.45 (+0) 
4.88 (+0) 
4.40 (+0) 

2.51 (+0) 
4.54(+0) 
3.15(+0) 
3.37(4-0) 
3.80(4-0) 
3.46(4-0) 
2.95 (4-0) 
3.15(4-0) 
2.81(4-0) 
4.11(4-0) 
3.90(4-0) 
3.46(4-0) 



Table A.4. continued. 



192 ft 

198 Hg 

200 Hg 

201 Hg 

202 Hg 
204p b 
209 Bi 



T07 



15M B 

0.00001 0.01 



0.02 



0.035 



3.76 (+0) 
8.60 (+0) 
5.92 (+0) 
3.31 (+0) 
2.23 (+0) 
6.14 (+0) 
9.97 (+0) 
1.00 (+0) 



1.92 (+0) 
4.52 (+0) 
6.37 (+0) 
4.39 (+0) 
2.92 (+0) 
5.36 (+0) 
7.49 (+0) 
1.02 (+0) 



1.52 (+0) 
3.02 (+0) 
3.55 (+0) 
2.94 (+0) 
2.13 (+0) 
4.83 (+0) 
6.83 (+0) 
1.06 (+0) 



1.47 (+0) 
2.67 (+0) 
2.56 (+0) 
1.86 (+0) 
1.33 (+0) 
3.11 (+0) 
5.26 (+0) 
1.14(+0) 



T07 



2OM 

0.00001 0.01 



0.02 



0.035 



1.45 (+0) 
2.87 (+0) 
2.82 (+0) 
2.06 (+0) 
1.47 (+0) 
3.55 (+0) 
5.79 (+0) 
1.11 (+0) 



1.47 (+0) 
2.72 (+0) 
2.63 (+0) 
1.95 (+0) 
1.40 (+0) 
3.34 (+0) 
5.58 (+0) 
1.12(+0) 



1.53 (+0) 
2.73 (+0) 
2.42 (+0) 
1.64 (+0) 
1.15 (+0) 
2.45 (+0) 
4.09 (+0) 
1.20 (+0) 



1.74 (+0) 
2.91 (+0) 
2.43 (+0) 
1.57 (+0) 

1.10 (+0) 
2.07 (+0) 

3.11 (+0) 
1.30 (+0) 



T07 



25M B 
0.00001 



0.01 



1.55 (+0) 
2.77 (+0) 
2.41 (+0) 
1.60 (+0) 
1.13 (+0) 
2.35 (+0) 
3.94 (+0) 
1.22 (+0) 



1.74 (+0) 
2.90 (+0) 
2.43 (+0) 
1.58 (+0) 
1.11 (+0) 
2.08 (+0) 
3.16 (+0) 
1.32 (+0) 



2 
r 

y 



Notes. The initial mass of the models and the value of the overshootin g parameter used in the evolutionary computations are reported in the first and in the second row, respectively. The columns") 
labeled as T07 refer to the values of overproduction factors obtained by The et al. (2007) for their Z=0.02 stellar models, which are comparable with our models without overshooting. The sign "....§ 

means datum not available. The notation X.XX (±Y) has its standard mea ning of X.XX x 10 ±r . o 

w These are the nuclei indicated as "mainly" produced by the s-process in Anders & Grevesse ( 1 9891) . < 
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. As in Table lA.4l but for all the M=20M o models with an initial metallicity Z < 0.02. 



0.0001 



0.005 



0.01 



0.00001 



0.01 



0.02 



0.035 



0.00001 



0.01 



0.02 



0.035 



0.00001 



0.01 



0.02 



0.035 



1.77 (+0) 
1.62 (+0) 
1.95 (+0) 

7.58 (-1) 
2.65 (+0) 
4.84 (+0) 
3.73 (+0) 

9.82 (-1) 
9.43 (-1) 
5.91 (+0) 

3.59 (+0) 
1.15 (+0) 
1.08 (+0) 
9.73 (-1) 
1.15 (+0) 
1.12 (+0) 
8.64(-l) 
1.89 (+0) 
1.67 (+0) 
2.47 (+0) 
2.71 (+0) 

1.57 (+0) 

1.14 (+0) 
1.45 (+0) 
1.61 (+0) 

2.33 (+0) 
5.08 (+0) 
7.26 (+0) 
2.99 (+0) 

1.15 (+0) 
1.10 (+0) 
9.30(-l) 
1.07 (+0) 

1.34 (+0) 
2.39 (+0) 
2.21 (+0) 
2.61 (+0) 
4.61 (+0) 
1.17 (+1) 

7.83 (+0) 

2.58 (+0) 



1.88 (+0) 
1.95 (+0) 
2.21 (+0) 
8.18 (-1) 
2.76 (+0) 
5.63 (+0) 
4.11 (+0) 
9.68 (-1) 
9.28 (-1) 
6.52 (+0) 
4.59 (+0) 
1.27 (+0) 
1.13 (+0) 
9.63 (-1) 
1.21 (+0) 
1.16(+0) 
8.76(-l) 
1.95 (+0) 
1.70 (+0) 
2.23 (+0) 
2.81 (+0) 
1.74 (+0) 
1.21 (+0) 

1.46 (+0) 
1.61 (+0) 
2.04 (+0) 
4.17(+0) 
8.16(+0) 
3.79 (+0) 
1.37 (+0) 
1.14(+0) 
9.17(-1) 
1.09 (+0) 
1.37 (+0) 
2.43 (+0) 
2.20 (+0) 

2.47 (+0) 
3.14(+0) 
1.17 (+1) 
9.98 (+0) 
3.04 (+0) 



1.87 (+0) 

1.93 (+0) 
2.19(+0) 

8.11 (-1) 
2.75 (+0) 
5.58 (+0) 
4.09 (+0) 
9.67 (-1) 
9.28 (-1) 
6.48 (+0) 
4.52 (+0) 
1.26 (+0) 

1.12 (+0) 
9.64 (-1) 
1.21 (+0) 
1.16(+0) 
8.78 (-1) 

1.94 (+0) 
1.69 (+0) 
2.25 (+0) 
2.80 (+0) 
1.73 (+0) 
1.20 (+0) 
1.46 (+0) 
1.61 (+0) 
2.06 (+0) 
4.24 (+0) 
8.10(+0) 
3.73 (+0) 
1.35 (+0) 
1.14(+0) 
9.18 (-1) 
1.09 (+0) 
1.37 (+0) 
2.43 (+0) 
2.20 (+0) 
2.48 (+0) 
3.20 (+0) 
1.18 (+1) 
9.78 (+0) 
3.01 (+0) 



1.88 (+0) 
1.98 (+0) 

2.22 (+0) 

8.23 (-1) 
2.76 (+0) 
5.70 (+0) 
4.15 (+0) 

9.63 (-1) 
9.33 (-1) 
6.55 (+0) 

4.64 (+0) 
1.27 (+0) 
1.13 (+0) 
9.62 (-1) 
1.22 (+0) 
1.16(+0) 
8.83 (-1) 
1.94 (+0) 
1.70 (+0) 
2.22 (+0) 
2.80 (+0) 
1.75 (+0) 
1.21 (+0) 
1.46 (+0) 
1.61 (+0) 
2.03 (+0) 
4.12 (+0) 
8.19(+0) 
3.86 (+0) 
1.39 (+0) 
1.15 (+0) 
9.16(-1) 
1.09 (+0) 
1.37 (+0) 
2.43 (+0) 
2.20 (+0) 
2.46 (+0) 
3.06 (+0) 
1.18 (+1) 
1.00 (+1) 
3.08 (+0) 



4.89 (+0) 
5.63 (+0) 
5.82 (+0) 

2.44 (+0) 
5.98 (+0) 

1.33 (+1) 

6.90 (+0) 
8.41 (-1) 
8.08 (-1) 

1.34 (+1) 

1.20 (+1) 
3.88 (+0) 

2.73 (+0) 
1.28 (+0) 

1.61 (+0) 

1.62 (+0) 
1.48 (+0) 
1.51 (+0) 
1.54 (+0) 
1.81 (+0) 

1.74 (+0) 

1.91 (+0) 
1.84 (+0) 

2.45 (+0) 
2.36 (+0) 
2.23 (+0) 

2.33 (+0) 
4.69 (+0) 

5.05 (+0) 
3.11 (+0) 
2.44 (+0) 
1.39 (+0) 

1.34 (+0) 
1.58 (+0) 
1.93 (+0) 
1.73 (+0) 

2.06 (+0) 
1.98 (+0) 

3.21 (+0) 
3.79 (+0) 
6.96 (+0) 



5.60 (+0) 
6.36 (+0) 

6.58 (+0) 

2.72 (+0) 
6.70 (+0) 
1.48 (+1) 

7.61 (+0) 

8.29 (-1) 
7.98 (-1) 
1.43 (+1) 
1.28 (+1) 

4.30 (+0) 
3.04 (+0) 

1.38 (+0) 

1.73 (+0) 
1.70 (+0) 

1.54 (+0) 
1.56 (+0) 

1.55 (+0) 
1.76 (+0) 

1.69 (+0) 
1.86 (+0) 
1.81 (+0) 
2.54 (+0) 
2.48 (+0) 
2.28 (+0) 
2.34 (+0) 
4.50 (+0) 
4.83 (+0) 
3.03 (+0) 

2.59 (+0) 
1.48 (+0) 

1.39 (+0) 

1.62 (+0) 
1.92 (+0) 

1.70 (+0) 
1.97 (+0) 
1.90 (+0) 
3.10(+0) 
3.53 (+0) 
6.10 (+0) 



6.01 (+0) 

6.86 (+0) 

7.07 (+0) 

2.90 (+0) 
7.11 (+0) 
1.57 (+1) 
7.93 (+0) 
8.17 (-1) 

7.91 (-1) 
1.50(+1) 
1.35 (+1) 
4.57 (+0) 
3.23 (+0) 
1.43 (+0) 

1.80 (+0) 
1.74 (+0) 

1.59 (+0) 

1.60 (+0) 
1.56 (+0) 
1.70 (+0) 
1.68 (+0) 

1.87 (+0) 
1.83 (+0) 

2.61 (+0) 
2.56 (+0) 
2.20 (+0) 
2.20 (+0) 
4.46 (+0) 

4.88 (+0) 

3.08 (+0) 
2.70 (+0) 
1.53 (+0) 
1.42 (+0) 
1.65 (+0) 
1.91 (+0) 
1.68 (+0) 
1.85 (+0) 

1.81 (+0) 
2.87 (+0) 
3.50 (+0) 
5.97 (+0) 



6.00 (+0) 
6.90 (+0) 
7.12 (+0) 

2.90 (+0) 
6.98 (+0) 
1.61 (+1) 
8.02 (+0) 
8.18 (-1) 
7.84 (-1) 
1.50(+1) 
1.37 (+1) 

4.58 (+0) 
3.24 (+0) 
1.43 (+0) 
1.80 (+0) 
1.74 (+0) 

1.59 (+0) 
1.61 (+0) 
1.56 (+0) 
1.70 (+0) 

1.66 (+0) 

1.87 (+0) 
1.83 (+0) 
2.61 (+0) 
2.58 (+0) 
2.20 (+0) 
2.20 (+0) 
4.45 (+0) 

4.88 (+0) 
3.08 (+0) 
2.70 (+0) 
1.53 (+0) 
1.42 (+0) 
1.65 (+0) 

1.91 (+0) 

1.67 (+0) 
1.82 (+0) 
1.55 (+0) 
2.98 (+0) 
3.39 (+0) 

6.01 (+0) 



4.01 (+1) 
4.33 (+1) 

4.62 (+1) 
1.76 (+1) 

3.63 (+1) 
7.00(+l) 
3.17 (+1) 
7.42 (-1) 
6.99 (-1) 

4.35 (+1) 
3.66(+l) 
1.30(+1) 

1.02 (+1) 

4.36 (+0) 
5.21 (+0) 

4.31 (+0) 
3.16 (+0) 

2.95 (+0) 
2.49 (+0) 
2.49 (+0) 

1.96 (+0) 
1.61 (+0) 

1.38 (+0) 

2.39 (+0) 
2.52 (+0) 
2.80 (+0) 
2.96 (+0) 
5.23 (+0) 
4.23 (+0) 

2.32 (+0) 
3.75 (+0) 
2.54 (+0) 
2.44 (+0) 
2.60 (+0) 

2.40 (+0) 
2.08 (+0) 
2.32 (+0) 
2.28 (+0) 

3.19 (+0) 

3.20 (+0) 
3.38 (+0) 



6.39(+l) 
7.19 (+1) 

7.54 (+1) 
2.95 (+1) 

6.26 (+1) 
1.19 (+2) 
5.30(+l) 
7.45 (-1) 
6.52 (-1) 
6.71 (+1) 

5.55 (+1) 

1.84 (+1) 
1.42 (+1) 
6.01 (+0) 
7.25 (+0) 
5.97 (+0) 

4.23 (+0) 

3.85 (+0) 

3.11 (+0) 
2.97 (+0) 
2.30 (+0) 
1.82 (+0) 

1.48 (+0) 
2.34 (+0) 
2.45 (+0) 
2.57 (+0) 
2.66 (+0) 

5.24 (+0) 

4.49 (+0) 
2.48 (+0) 

4.12 (+0) 
2.81 (+0) 
2.81 (+0) 
3.05 (+0) 
2.74 (+0) 
2.34 (+0) 
2.51 (+0) 

2.27 (+0) 

3.28 (+0) 
3.30 (+0) 

3.56 (+0) 



6.07 (+1) 
6.84 (+1) 
7.20 (+1) 
2.79 (+1) 
5.88 (+1) 
1.12 (+2) 
5.02 (+1) 
7.05 (-1) 
6.64(-l) 
6.35 (+1) 
5.32(+l) 

1.77 (+1) 
1.37 (+1) 
5.83 (+0) 
6.99 (+0) 
5.74 (+0) 

4.08 (+0) 
3.74 (+0) 
3.02 (+0) 
2.90 (+0) 

2.23 (+0) 
1.79 (+0) 

1.46 (+0) 
2.35 (+0) 

2.47 (+0) 
2.59 (+0) 
2.69 (+0) 

5.24 (+0) 

4.48 (+0) 
2.47 (+0) 
4.08 (+0) 

2.78 (+0) 
2.77 (+0) 
3.00 (+0) 
2.69 (+0) 
2.29 (+0) 
2.39 (+0) 
2.00 (+0) 
3.35 (+0) 
3.15 (+0) 

3.49 (+0) 



1.01 (+2) 
1.18 (+2) 
1.22 (+2) 
4.94 (+1) 
1.11 (+2) 
2.17 (+2) 

9.60 (+1) 
7.66 (-1) 

6.61 (-1) 
1.15 (+2) 
9.25 (+1) 
2.76 (+1) 
2.05 (+1) 

8.53 (+0) 

1.02 (+1) 
8.46 (+0) 
5.88 (+0) 
5.30 (+0) 

4.17 (+0) 
3.91 (+0) 
2.90 (+0) 

2.18 (+0) 
1.68 (+0) 
2.36 (+0) 
2.41 (+0) 
2.46 (+0) 

2.54 (+0) 
5.04 (+0) 
4.45 (+0) 
2.52 (+0) 
4.39 (+0) 

3.03 (+0) 
3.18 (+0) 
3.54 (+0) 
3.21 (+0) 
2.73 (+0) 
2.93 (+0) 
2.61 (+0) 
3.83 (+0) 
3.72 (+0) 
3.25 (+0) 



Table A.5. continued. 



0.0001 


0.005 


0.01 




0.00001 


0.01 


0.02 


0.035 


0.00001 


0.01 


0.02 


0.035 


0.00001 


0.01 


0.02 


0.035 


l!i7 Os 


1 36 (+0) 


1 53 (+0) 


1.52 (+0) 


1 55 (+0) 


3 64 (+0) 


3 20 (+0) 


3.11 (+0) 


3.14(+0) 


1.74 (+0) 


1 83 (+0) 


1.78 (+0) 


1 63 (+0) 


192p t 


4.65 (+0) 


3.23 (+0) 


3.28 (+0) 


3.16 (+0) 


8.90 (+0) 


7.97 (+0) 


7.35 (+0) 


7.20 (+0) 


4.16(+0) 


4.11 (+0) 


3.84 (+0) 


2.88 (+0) 


198 Hg 


1.85 (+1) 


1.88(+1) 


1.89(+1) 


1.87(+1) 


6.29 (+0) 


6.86 (+0) 


6.98 (+0) 


6.96 (+0) 


3.77 (+0) 


5.66 (+0) 


5.06 (+0) 


2.47 (+0) 


200 Hg 


5.93 (+0) 


8.13 (+0) 


7.98 (+0) 


8.27 (+0) 


3.30 (+0) 


3.61 (+0) 


3.81 (+0) 


3.80 (+0) 


2.25 (+0) 


3.65 (+0) 


3.20 (+0) 


1.60 (+0) 


201 Hg 


2.86 (+0) 


4.36 (+0) 


4.26 (+0) 


4.49 (+0) 


2.22 (+0) 


2.39 (+0) 


2.53 (+0) 


2.56 (+0) 


1.56 (+0) 


2.48 (+0) 


2.20 (+0) 


1.12 (+0) 


202 Hg 


2.28 (+0) 


3.42 (+0) 


3.31 (+0) 


3.51 (+0) 


5.60 (+0) 


5.23 (+0) 


5.33 (+0) 


5.33 (+0) 


3.39 (+0) 


3.95 (+0) 


3.64 (+0) 


2.20 (+0) 


204p b 


1.38 (+0) 


1.65 (+0) 


1.62 (+0) 


1.67 (+0) 


9.44 (+0) 


9.03 (+0) 


9.16(+0) 


9.12(+0) 


5.53 (+0) 


5.10(+0) 


5.03 (+0) 


3.47 (+0) 


209 Bi 


9.87 (-1) 


9.89(-l) 


9.89(-l) 


9.90(-l) 


1.03 (+0) 


1.03 (+0) 


1.03 (+0) 


1.03 (+0) 


1.13(+0) 


1.19 (+0) 


1.17 (+0) 


1.26 (+0) 



Notes. The initial metallicity of the models and the value of the overshooting parameter used in the evolutionary computations are reported in the first and in the second row, respectively. 



